The aim of this work is to study MnO reduction by solid carbon. The influence of size of carbon particles, slag basicity, and bath temperature on MnO reduction was investigated. Fine Manganese ore particles were used as a source of MnO. Three sizes of carbon particles were used; 0.230 mm, 0.162 mm and 0.057 mm, binary basicity of 1 and 1.5 and temperatures of 1550, 1550 and 1600 C. Curves were drawn for Mn content in the bath as a function of time and temperature for the several studied parameters. The MnO reduction rates were determined using these data.
Introduction
Some studies 1, 2) indicate that the reduction of iron oxides in a smelting-reduction process occurs mainly by the solid carbon in the slag rather than to the carbon dissolved in the bath. However, few studies have examined this mechanism for manganese oxide reduction in a possible process of Ironmanganese production by smelting reduction. 2) This process has the great advantage of the possible use of 100% fine ore particles [2] [3] [4] which cannot be done in the conventional electric furnace process. Fine ore particles or a reducing agent would produce a decrease in charge permeability, as well as a reduction in conductivity, causing an electrode operation down close to the charge. Such conditions increase the bath temperature, and consequently increase metal loss by volatilization. Fine ore particles can also cause crusts on the refractory lining. Sintering has been used to avoid crusts on the refractory lining, but it is not widely used as it remains costly. The smelting-reduction process could be an alternative for Fe-Mn production through using fine ores and reducing agents, as well as using low-grade coal.
This work contributes to the knowledge of this process, supplying data on aspects that remain poorly understood in the literature, such as the influence of temperature, basicity and size the solid carbon particles present in the slag.
Objective
The objective of this work is to study the influence of the basicity (in this work basicity is referred to as the ratio CaO/ SiO 2 ), the temperature and graphite particle size in reducing manganese oxide by solid carbon in the slag.
Materials and Methods
The tests were performed by placing MnO slag in a carbon saturated liquid Fe-Mn bath. The amount of bath in these tests was 200 g. In fact, the slag layer was composed of a mixture of a manganese oxide source and graphite. Two slag compositions were used to study the reduction of MnO by graphite. One slag was produced through the melting of high purity MnO and the other was composed of Mn ore. The compositions of these materials are shown in Tables 1 and 2 . The influence of the following parameters was studied: Graphite particle size Slag basicity MnO content of the slag (MnO high purity and ore) Bath temperature
The experiments were carried out using a laboratory scale piece-of-equipment composed of a vertical tubular electric furnace, with an alumina retort placed inside it. Stainless steel flanges were fastened to the retort extremities. Inert gas was injected through the inferior extremity, and there were holes for feeding and sample removal in the superior flange. Figure 1 shows a scheme of the assembled apparatus.
Metallic bath
To avoid the reduction of MnO by the dissolved carbon in the bath, an Fe-Mn alloy was used with Mn content equal to 60%. According to the literature 2) the reduction of Mn by the dissolved carbon in the metal is quite slow, and can be neglected at this concentration of Mn.
Experimental apparatus
The metallic bath of Fe-Mn saturated in carbon was placed into an alumina crucible. The alumina crucibles were placed inside graphite crucibles with a 5 cm internal diameter and height of 13 cm. This procedure was done to avoid a possible bath leak whereby the alumina crucible cracked for some reason. The dimensions of the alumina crucibles were as follows:
(1) external height: 10.0 cm (2) internal height: 9.7 cm (3) external diameter: 4.6 cm (4) internal diameter: 4.0 cm The crucible was set in an alumina retort. The alumina retort was placed inside a vertical tubular laboratory furnace. After heating the furnace to the work temperature, the MnO source was placed on the surface of the molten bath. Temperature was set through a thermocouple placed in contact with the crucible.
Experiments
A mixture of a source of Manganese oxide, e.g., highpurity MnO or Mn ore and graphite was made so as to obtain the most uniform carbon distribution. During the experiments, no graphite segregation was observed on the oxide surface. The amount of ore was 150 g. Also, 37 g of graphite powder was mixed with the ore, which corresponds to the necessary stoichiometric mass to reduce the entire oxide. There is 63 g of Mn in 150 g of ore. This amount is equivalent to 83 g of high purity MnO. In this case, 14 g of graphite, the stoichiometric amount, was mixed with the high purity MnO.
After all tests were performed, a thin layer of slag was always observed. Table 3 shows the experiments carried out to study the influence of temperature on reducing high-purity MnO. Analogously, Table 4 shows tests performed to investigate the effect of temperature on the MnO ore reduction. Similarly these experiments were done to measure the reaction rates and the apparent activation energy. The tests performed to investigate the effect of basicity on the reduction process are presented in Table 5 . The basicity value was calculated by the relationship CaO/SiO 2 , considering the amount of silica in the ore. Basicities 1 and 1.5 were used, through the addition of 13.6 and 20.5 g of CaO respectively.
After CaO corrections, the charge presented the following compositions:
Basicity Tables 3, 4 and 5. Table 6 shows the experiments which studied the influence of graphite particle size in MnO reduction. Table 7 shows the manganese concentrations in the bath for the experiments that study the influence of the temperature in the reduction of high purity MnO by solid carbon. Curves of Mn concentration as a function of time are shown in Fig. 2 . The values of the Mn concentrations at different sampling times and the respective MnO reduction rates for the experiments are shown in Table 8 . The MnO reduction rates (Vr) were determined by graphical derivation of curves of composition of Mn in the bath as a function of time. Such calculi were performed using MICROCAL ORIGIN 5.0. Consequently each point of the curve gives a corresponding value of reaction rate. The derivation at time equal to zero provides the initial reaction rate (Vi). 5) Analyzing the data presented in Table 8 together with Fig. 2 one can notice that the rate of MnO reduction increases as the temperature increases. Figure 3 shows the Arrhenius plot performed to determine the apparent energy of activation. According to this method the slope of the curve is proportional to the apparent energy of activation.
Results and Discussion

Experiments using high purity MnO
5) The obtained value of the apparent energy of activation is shown in Table 9 . Rankin and Wynnyckyj 5) studied MnO reduction by solid graphite (without any bath) in the temperature range of 1227 C to 1427 C. These authors observed that the rate of MnO reduction increases as the temperature increases and determined the apparent energy of activation of 57.5 kcal/mol, using the initial rates method. The reaction controlling mechanism, for temperatures between 1200 C and 1425 C and for the MnO particle sizes between 0.251 mm and 0.300 mm, was considered to be the CO 2 diffusion between MnO and graphite solid particles. 5) And the controlling mechanism is the Boudouard reaction for MnO particles smaller than 0.110 mm. 5) In the present work, the apparent energy of activation result was of the same order of magnitude as that found by Rankin and Wynnyckyj 5) although the experimental conditions were much different. The temperature range in the present work was higher and a metal bath was used to absorb liquid Manganese; and even though MnO was below its melting temperature (1875 C) 6) a sintering process (incipient melting) was observed, so the material may not have the same initial porosity. Therefore, even though the values of the energies of activation are of the same order of magnitude and determined by the same method in this work as Rankin and Wynnyckyj, 5) one cannot affirm that the controlling mechanism was the same in both works. Analyzing the influence of temperature, one notices that an increase in the temperature of 100 C promotes an increase of approximately 200% as shown in Fig. 4. Table 10 shows the manganese concentration in the bath for experiments that studied the influence of temperature, in ore reduction. The initial bath was prepared with 60% Mn; however, as Fe 2 O 3 was reduced before 5 min, there was an increase of 12 g in the bath mass, decreasing the Mn content to 56.6% at this point. The curves of Mn concentration in the bath, as a function of time, are shown in Fig. 5 . The Mn concentrations and the respective reduction rates are shown in Table 11 . Comparing the data of Table 11 and Fig. 5 , it can be seen that the MnO reduction rate increases with the temperature increase. The apparent energy of activation of the reaction was calculated using the initial rates method 5) and is shown in Fig. 6 . The value of the apparent energy of activation is shown in Table 12 . These results are in agreement with those found by Akdogan and Erick 7) who studied the reduction of MnO by solid carbon in different ores, in the temperature range between 1100 C and 1350 C.
Experiments using ore
According to Akdogan and Erick 7) the reduction of MnO 2 occurs in two stages and the reduction rate increases as the temperature increases. The apparent energy of activation for the fast stage, that is the reduction of the superior oxides to MnO, is between 19.5 to 22.7 kcal/mol. For the MnO reduction stage by carbon values between 22.4 and 33.9 kcal/ mol were found. The controlling step is the chemical reaction in the interface solid MnO/carbon.
In the present work, a bath with 60% of Mn was used; consequently, the MnO reduction by the dissolved carbon may be neglected. Thus, the reduction only occurs by solid graphite. The apparent energy of activation found in this process is in the same order as those observed when the chemical reaction is the controlling step. This statement can be made based on the data presented in Table 13 . Data in this Table was based on the diagram MnO-SiO 2 -Al 2 O 3 .
6) According to the data of Howat et al. 8) the temperatures studied are superior to the slag melting point for the experiments where CaO was added to adjust the basicity of final slag. The literature 3, 9, 10) presents more data confirming that the slag was molten during the reduction process.
Influence of the MnO content in the slag
Considering the experiments carried out with high purity MnO and the ones using ore (Tables 8 and 11 and Figs. 4 and 5), one can notice that for high purity MnO the reduction rates are greater. Table 14 shows the manganese concentrations in the bath for the experiments studying the influence of slag basicity on the MnO reduction using ore as a source of Mn. The curves of the Mn concentration in the bath as a function of time are shown in Fig. 7 . The curve regarding the test without CaO was imported from Fig. 2 . The Mn concentrations and the respective reduction rates of the MnO are shown in Table 15 . Considering the data presented in Fig. 7 and Table 15 one can see that the MnO reduction rate increases as the basicity increases. These results can be compared to those obtained by Katayama et al. 2) and Stephenson. 10) Essentially, in these two works the presented results are consistent with ours. An increase in the basicity from 1 to 1.5 produces an increase of around 10% of Mn in the bath. Also, comparing the test where no CaO was fed and in the one with 1.5 basicity, the increase is 15%, as shown in Fig. 8 . Table 16 shows the manganese concentration in the bath for the experiments which studied the influence of the solid graphite particle size in the MnO reduction using ore and Fig. 9 shows the Mn concentration as a function of time for different graphite particle sizes. The Mn concentration and respective reduction rates are shown in Table 17 . Comparing the data presented in Table 17 and Fig. 10 , one can see that 7) These authors studied the influence of the diameter of the graphite particles on the rate of manganese ore reduction and observed the reduction rate decreases when the reducer particles increase.
Effect of slag basicity
Effect of graphite particle size
In the present work, the greatest increase in the reduction rate was found when the size of the graphite particles decrease from 0.162 to 0.057 mm. When graphite particles decrease form 0.230 to 0.162 mm the variation was smaller. This behavior can be explained by the variation in the contact area between the slag and the graphite particles, decreasing the particle size causes an increase in the surface area for the reduction process. The contact area between the reducing agent and MnO is an important parameter in MnO reduction. Consequently, the production of iron-manganese through a slag reduction process, the reactions within the slag are mainly responsible for the MnO reduction. Since a greater contact area between the solid carbon and the slag can be obtained than the contact area between the slag and the liquid metal (carbon dissolved in the bath).
Conclusions
The reduction rate of MnO by solid carbon increases with an increase of temperature, and between 1500 C and 1600 C there is an increase from 2.8 to 3.2 times in the initial reduction rates. The apparent energies of activation obtained from the MnO reduction by the solid carbon varied from 69.8 to 74.5 kcal/mol. The reduction rate of MnO by solid carbon increases with the increase of the basicity; likewise, a decrease in the graphite particle size increases the reduction rate of MnO due to an increase in the area of contact between the slag and the graphite.
